Introduction Current (1998) agricultural practices in the United States require extensive use of herbicides for producing the Nation's three principal row crops corn, soybeans, and grain sorghum. Approximately, 140 of the 218 million kg (kilograms) of herbicides used annually in the United States are applied to cropland in the Midwest, principally in the upper Mississippi River drainage basin (see maps at right). Atrazine and alachlor were the two most extensively used herbicides in the Nation in 1990-91 (Aspelin and others, 1992) . Maps of use rates for these two herbicides show that the largest rates, as indicated by the red and orange colors, occurred in parts of Illinois, Indiana, Iowa, Ohio, Minnesota, and Nebraska, an area often referred to as the "Corn Belt." As a consequence, this region is a major source for herbicide transport into surface and ground water and into the atmosphere. Because some herbicides are relatively water soluble, a small percentage of the amounts applied annually may be transported into surface and ground water. Herbicides can be transported into the atmosphere by volatilization and entrainment on dust particles and then dispersed by air currents for possible re-deposition on watersheds at considerable distances from their application. The herbicides found in rainfall most frequently and in the largest concentrations were atrazine and alachlor. Although previous studies had shown that herbicides occurred in rainfall in the Midwest, little was known about depositional patterns on a regional scale or about the amount of herbicide deposition in relation to usage. To assess the occurrence and deposition of selected herbicides and associated degradation products in rainfall for a large part of the During the 19-month data-collection period, 6,230 samples were analyzed for atrazine and alachlor using an immunoassay technique. A subset of 2,085 samples was analyzed for 11 herbicides and 2 triazine degradation products (shown in the table on the next page) using gas chromatography/mass spectrometry (GC/MS) methods. About 11 percent of the samples analyzed were for quality-control purposes. Statistical relations between the two techniques were developed to estimate concentrations of atrazine and alachlor for 3,212 samples not analyzed by GC/MS. Reporting limits were 0.1 |Ug/L (microgram per liter) for atrazine and 0.15 jlg/L for alachlor using the immunoassay techniques. However, because the immunoassay techniques were not 100 percent specific for atrazine and alachlor, the immunoassay results for these compounds are referred to as triazines and acetanilides, respectively. Reporting limits were 0.05 u_g/L for the 11 herbicides and 2 triazine degradation products using GC/MS. Reporting limits were 0.1 microgram per liter for triazines and 0.15 microgram per liter for acetanilides by immunoassay, and 0.05 microgram per liter for herbicide compounds analyzed by gas chromatography/mass spectrometry. Ametryn, prometryn, and terbutryn were not detected. study is shown in the table. About onethird of the 5,297 samples from the study area were analyzed using immunoassay techniques and contained detectable concentrations of triazine and (or) acetanilide herbicides. Ten of the 13 herbicides and associated herbicide degradation products were detected by GC/MS techniques. The most frequently detected herbicides in samples analyzed by GC/MS were atrazine (30.2 percent) and alachlor (19.2 percent). These two herbicides also occurred in the largest concentrations. The atrazine degradation product, deethylatrazine, was the thirdmost frequently detected herbicide compound (17.4 percent) using GC/MS followed by metolachlor (13.3 percent) and cyanazine (7.2 percent). The frequency of detection of the remaining herbicides was less than 3 percent. Ametryn, prometryn, and terbutryn were not detected in any of the samples. Although several herbicides and associated degradation products were frequently detected in rainfall, concentrations were relatively small. Only about 1 percent of the samples had herbicide or associated degradation product concentrations greater than 1.0 |Llg/L, and only about 10 percent of the concentrations were greater than 0.2 |Llg/L. Herbicides and associated degradation products were more frequently detected and occurred in the larger concentrations at sites in the Midwestern States than in the Northeastern States. Concentrations of atrazine and (or) alachlor were detected and confirmed by GC/MS in samples from each of the 23 States in the study area. Atrazine concentrations were small at sites remote from cropland, such as in Maine. Atrazine and (or) alachlor also were confirmed by GC/MS in about 4 percent of the 298 samples from background sites (see map of study area) in the Rocky Mountains and Alaska.
Results
The occurrence of atrazine and alachlor in rainfall varied seasonally, as shown in the graph below. For 1990, the detection frequency for these herbicides at the 81 sites began to increase in midApril following application of the two herbicides to cropland and peaked in late May or early June; during this period in both 1990 and 1991, atrazine was detected at about 70 to 75 percent of the sites sampled each week, and alachlor was detected at about 35 to 45 percent of the sites. After early July 1990, the frequency of herbicide detection began to decrease; fewer than 10 percent of the sites had detectable concentrations by late August. The frequency of detections remained small until March 1991 when the cycle was repeated. The larger number of sites with atrazine detections and the longer period of atrazine detections compared to alachlor probably reflect the fact that atrazine is more extensively used than alachlor across the study area. Atrazine is also less volatile and persists longer in the soil than alachlor, thus making atrazine available for volatilizing into the air over a longer period of time.
Concentrations of atrazine and alachlor were smaller during periods of high rainfall and larger during periods of low rainfall, as shown in the graph below. Most concentrations larger than 1 jug/L occurred in samples representing less than 50 mm (millimeters) of rainfall, and the largest concentrations occurred in samples representing less than 20 mm of rainfall. This pattern occurs because the initial rainfall tends to scavenge most of the herbicides from the atmosphere, especially those herbicides associated with paniculate matter. Rainfall occurring later in the event dilutes the concentration of herbicides that were deposited early in the event and contributes little to the overall mass of herbicides deposited.
The maps on the next page show the spatial distributions of rainfall-weighted average concentrations of atrazine and alachlor for 13-week period from midApril to mid-July 1991, when concentrations in rainfall were the largest. Average concentrations of 0.2 to 0.4 |Llg/L for both atrazine and alachlor were typical throughout the Midwest during this period, with concentrations of 0.4 to 0.9 |U.g/L
1990
-JF- recorded at sites in Iowa, Illinois, and Indiana. Overall, the spatial pattern of atrazine and alachlor concentrations reflect the intensity of use of these two herbicides. However, when the spatial distributions of atrazine and alachlor concentrations are compared, differences are apparent. Atrazine was detected over a larger area and at greater distances from the Midwest Corn Belt than alachlor. Differences in the western part of the study area probably can be attributed to greater atrazine use than alachlor use in this area (see usage maps on first page of this fact sheet). Differences north and east of the Corn Belt suggest that atrazine was transported over greater distances through the atmosphere than alachlor, or that alachlor is less stable in the atmosphere than atrazine, or both.
The regional patterns of atrazine and alachlor deposition in rainfall for January through September are shown in the maps at right. Because nearly all of the deposition of atrazine and alachlor occurred from April through July when concentrations were largest, the deposition during this period closely represents the total wet deposition for the year. Deposition rates ranged from more than 100 (|U.g/m2)/yr (micrograms per square meter per year) for both atrazine and alachlor at numerous sampling sites in the Midwestern States to less than 10 (u.g/m2)/yr in the Northeastern States. Deposition rates throughout most of the Corn Belt ranged from 50 to more than 100 (|Lig/m2)/yr for both herbicides. The total mass of herbicides deposited by rainfall over the entire study area during 1991 is estimated to be about 140,000 kg for atrazine and 82,000 kg for alachlor. These amounts represent about 0.6 and 0.4 percent, respectively, of the annual amounts of atrazine and alachlor applied to cropland in the study area.
The atrazine degradation products, deethylatrazine (DEA) and deisopropylatrazine (DIA) were also detected in rainfall samples analyzed by GC/MS as shown in the summary table on the previous page. DEA was present in more than one-half (58 percent) of the samples that also contained atrazine. The ratio of concentrations of DEA to atrazine has been used to examine the interaction of surface and ground water. Low ratio values, median less than 0.1, occur in streams during runoff shortly following application of atrazine to cropland. Larger values of the ratio, median about 0.4, occur later in the year after 1,000 KILOMETERS considerable degradation of atrazine has occurred in the soil. The median value of the DEA-to-atrazine ratio was 0.5 for the 352 rainfall samples that contained both detectable DBA and atrazine concentrations. A possible explanation for the large DEA-to-atrazine ratio in rainfall samples is that a significant amount of the atrazine in the atmosphere is transformed into DEA by photochemical processes.
Implications
The volatilization, atmospheric transport, and deposition of herbicides and associated degradation products have important implications both for areas where herbicide usage is high and for areas where herbicide usage is low. In the Midwest, where herbicide usage is high, the redeposition of herbicides from rainfall contributes to the problem of large concentrations and transport of herbicides in streams. For example, during 1991 an estimated 246,000 kg of atrazine were transported out of the upper Mississippi and Ohio River Basins in streamflow. A small, but undetermined, amount of this was contributed by the 112,000 kg of atrazine deposited on these basins in rainfall during 1991. Also, a small but undetermined amount of the 47,000 kg of alachlor transported from these basins in streamflow during 1991 was contributed by the 69,000 kg of alachlor deposited in rainfall.
The deposition of herbicides in areas where herbicide usage is low, such as the Great Lakes, presents a different but potentially serious, long-term problem. For example, one of the sampling sites was located on an island in the northwest part of Lake Superior, far from the Corn Belt. The dominant source of atrazine to Lake Superior and the only source on the island site is atmospheric deposition. Using data from this study, the estimated annual wet deposition rate for the period of the study on Lake Superior was about 12 (|Lig/m2)/yr. Schottler and Eisenreich (1994) estimated the atrazine concentration in Lake Superior to be about 0.003 |Ug/L. The estimated mass of atrazine stored in the water column of Lake Superior was about 36,000 kg, which was anywhere from 17 to 37 times larger than the estimated mass contributed by rainfall during 1990-91 and hundreds of times larger than surface-water inputs to the lake (Schottler and Eisenreich, 1997) . Although there may be inputs of atrazine to Lake Superior from other sources, such as dry deposition and air-water exchange, the results strongly suggest that atrazine in rainfall is slowly accumulating in the lake and that degradation of atrazine in the water column is very slow (about 1 percent per year). Thus, atrazine is likely to continue to accumulate in Lake Superior until the annual internal losses of atrazine equal the annual inputs. This Fact Sheet is based largely on information contained in the following publications and references cited therein:
